Pupillometry provides a simple and noninvasive index for a variety of cognitive processes, including perception, attention, task consolidation, learning, and memory. The neural substrates by which such cognitive processes influence pupil diameter remain somewhat unclear, although cortical inputs to the locus coeruleus mediating arousal are likely involved. Changes in pupil diameter also accompany covert orienting; hence the oculomotor system may provide an alternative substrate for cognitive influences on pupil diameter. Here, we show that low-level electrical microstimulation of the primate frontal eye fields (FEFs), a cortical component of the oculomotor system strongly connected to the intermediate layers of the superior colliculus (SCi), evoked robust pupil dilation even in the absence of evoked saccades. The magnitude of such dilation scaled with increases in stimulation parameters, depending strongly on the intensity and number of pulses. Although there are multiple pathways by which FEF stimulation could cause pupil dilation, the timing and profile of dilation closely resembled that evoked by SCi stimulation. Moreover, pupil dilation evoked from the FEFs increased when presumed oculomotor activity was higher at the time of stimulation. Our findings implicate the oculomotor system as a potential substrate for how cognitive processes can influence pupil diameter. We suggest that a pathway from the frontal cortex through the SCi operates in parallel with frontal inputs to arousal circuits to regulate task-dependent modulation of pupil diameter, perhaps indicative of an organization wherein one pathway assumes primacy for a given cognitive process.
Introduction
The diameter of our pupil is highly dynamic and is controlled by a balance of signaling in the autonomic nervous system (for review, see McDougal and Gamlin 2015) . Pupil diameter changes with overall luminance levels, constricting in bright light and dilating in the dark. In addition, changes in pupil diameter accompany a diverse range of cognitive processes such as target detection (Einhäuser et al., 2008; Privitera et al., 2010) , visuospatial attention (Naber et al., 2013; Hartmann and Fischer, 2014) , decision making (Einhäuser et al., 2010; de Gee et al., 2014) , memorization (Papesh et al., 2012) , learning (Eldar et al., 2013) , performing mental calculations (Ahern and Beatty, 1979) , and task consolidation to prepare for a prosaccade or antisaccade (Wang et al., 2015) . Although pupillometry can therefore provide a noninvasive proxy for many cognitive processes, the neural substrates by which cortical processes influence pupil diameter remain unclear.
One possible link between cognition and pupil diameter is systems regulating arousal, which is mediated in part by the noradrenergic locus coeruleus (LC), a major neuromodulatory system that projects widely throughout the cortex (Aston-Jones and Cohen, 2005; Sara and Bouret, 2012). Although it remains un-clear whether the tight relationship between LC activity and pupil diameter arises due to LC input into autonomic circuits (Szabadi, 2012; Wang and Munoz, 2015) or from a common input such as the nucleus paragigantocellularis (PGi) to both the LC and autonomic circuits (Nieuwenhuis et al., 2011; Sara and Bouret, 2012) , pupil diameter is often used as a proxy for LC activity (Gilzenrat et al., 2010) . In support of this, two recent studies in primates directly linked LC activity to pupillary changes (Varazzani et al., 2015; Joshi et al., 2016) . Both the PGi and LC receive direct input from prefrontal areas such as the anterior cingulate cortex (ACC; Arnsten and Goldman-Rakic, 1984; Sara and Hervé-Minvielle, 1995; Aston-Jones and Cohen, 2005) ; hence, prefrontal influences routed through the PGi and LC provide one plausible substrate for how cognitive processes can influence pupil diameter.
In addition, pupil dilation has long been recognized as a component of the orienting response (Sokolov, 1963; for review, see Corneil and Munoz, 2014) . Could the oculomotor system, which controls orienting, also provide a substrate for how cognitive processes influence pupil diameter? In support of this, the pupil dilates following presentation of salient visual or auditory stimuli (Wang and Munoz, 2014) , and low-level microstimulation of the intermediate layers of the superior colliculus (SCi) in primates or homologous avian optic tectum can evoke pupil dilation without evoking saccades (Netser et al., 2010; Wang et al., 2012; Joshi et al., 2016) . Such responses could be mediated by direct projections from the SCi to the mesencephalic cuneiform nucleus or to the parasympathetic Edinger-Westphal nucleus, or via indirect projections through the central mesencephalic reticular formation (Huerta and Harting, 1984; Dean et al., 1989; Korte et al., 1992; May, 2006; May et al., 2015) . What remains unknown is whether cortical input to the SCi can evoke pupil dilation.
To address this question, we measured pupil dilation following electrical microstimulation of the primate frontal eye fields (FEFs). The FEFs are heavily interconnected with the SCi and implicated in the generation and top-down cognitive control of saccadic eye movements (for review, see Schall, 2015) . FEF activity has been related to many cognitive processes associated with pupillary changes, such as task consolidation (Everling and Munoz, 2000) , visuospatial attention (Gregoriou et al., 2014) , and decision making (Schall and Bichot, 1998; Gold and Shadlen, 2000; Costello et al., 2013) . Stimulation of the FEFs above a threshold current evokes site-specific saccades (Bruce et al., 1985) . Stimulation below this threshold can elicit various nonsaccadic components of the orienting response, such as deployment of visuospatial attention (Moore and Fallah, 2001) , neck muscle recruitment (Corneil et al., 2010) , or widespread modulation of higher-order visual areas (Ekstrom et al., 2008) . Here, we demonstrate that subsaccadic microstimulation of the FEFs evokes pupil dilation, doing so in a manner that strongly resembles that evoked from the SCi, and varies with presumed endogenous activity in the oculomotor system at stimulation onset.
Materials and Methods
Experimental setup. Experiments were performed on two male rhesus monkeys (Macaca mulatta; Animals C and S; weight, 12 and 13 kg, respectively). All training, surgical, and experimental procedures were conducted in accordance with the regulations the Canadian Council on Animal Care policy on the use of laboratory animals and approved by the Animal Use Subcommittee of the University of Western Ontario Council on Animal Care. The monkeys' weight was constantly monitored, and their health condition was under close supervision of the university veterinarians.
Many of the surgical and experimental techniques have been published previously . A cylindrical recording chamber was implanted over the right frontal lobe, allowing access to the FEFs.
Monkeys were trained to sit upright in a primate chair with their head fixed, facing an array with LEDs, radially arranged around a central fixation LED at eye level. Eye position and pupil size of the left eye were monitored with an optical infrared eye-tracking system (ETL-200, IScan) at a frequency of 240 Hz. Pupil diameter data were converted from arbitrary units after measurements of various sized artificial pupils, printed on paper and placed in the same position as the animal's eye (resolution, ϳ0.01 mm), and normalized to baseline. For all analyses, we refer to relative changes instead of absolute values. For the majority of our analyses we exclusively used pupil measurements of the eye during stable fixation, as pupil size can be distorted by the gaze angle.
All stimulus parameters and assessment of eye position relative to computer-controlled windows were controlled in LabVIEW Realtime at a frequency of 1000 Hz using custom-written software that interfaced with the hardware through a National Instruments PXI controller.
Microstimulation. Intracortical microstimulation (ICMS) was induced by a stimulator and two constant-current stimulus isolation units (Grass-S88 and PSIU-6, Grass Instruments) and delivered via a tungsten microelectrode (FHC). The electrode was lowered with a hydraulic microdrive (Narishige Instruments). Stimulation consisted of biphasic pulses (0.3 ms per phase, cathodal first). Stimulation frequency and current were controlled through the Grass S88 stimulator, whereas stimulation duration was controlled via software.
Behavioral task. The task was designed to not include a cognitive component around time of stimulation to ensure that evoked pupil responses were not confounded by task demands. Monkeys were trained to perform a gap saccade task with a long and variable fixation epoch (ranging from 1600 to 2400 ms) under constant light conditions (background luminance, 1 cd/m 2 ; luminance of red fixation and target LEDs, 16.5 cd/m 2 ). After a gap period of 200 ms, a saccade target appeared in one of eight different radial angles (at 0, 45, 90, 135, 180, 225, 270, and 315°) at an eccentricity of 10°visual angle from the fixation spot. After successful completion of a saccade, monkeys were rewarded with water at the end of a trial. In 50% of the trials (pseudorandomly interleaved), microstimulation was applied after a variable time of 800 to 1600 ms. This long prestimulation interval ensured that pupil diameter had stabilized when stimulation was applied. After stimulation, monkeys maintained fixation for another 600 ms before executing the saccade (Fig. 1A) . The fixation window radius ranged between 1.5 and 5°(Animal S, usually 3 to 5°; Animal C, 1.5 to 3°); target window radius was 5°. The bigger fixation window for Animal S was necessary due to inconsistent fixation behavior. As shown below, we controlled for potential influence of small saccades on pupil dilation offline. Monkeys could successfully complete stimulation trials even if stimulation evoked a saccade, provided they returned to the fixation window.
For each stimulation site in FEFs, we first found the site's unique saccade threshold, i.e., the amount of current needed to evoke contralateral saccades in ϳ50% of the trials (with 200 ms stimulation at 300 Hz). Based on this threshold, we recorded blocks of five different stimulation levels for each site (each block with 30 -50 stimulation and 30 -50 nonstimulation trials), attempting to define a response curve expressing the percentage of evoked saccades versus stimulation parameter that ranged between 20 -80%. The order of stimulation levels across blocks was varied across days. Only sites where the average percentage of evoked saccades across levels 2 to 4 exceeded 30% were included as FEF sites.
In most of our data, we varied stimulation current, keeping frequency (300 Hz) and duration (200 ms) fixed. We also recorded a smaller subset of data where we varied either stimulation duration (30, 70, 100, 135 and 165 ms, combined with a fixed frequency of 300 Hz and site-specific threshold currents) or stimulation frequency (50, 100, 150, 200, or 250 Hz, combined with a fixed duration of 200 ms and site-specific threshold current). For these smaller subsets, the parameter levels were chosen so that variations in either frequency or duration delivered 10, 20, 30, 40 or 50 individual stimulation pulses.
Data analysis. All analysis was performed offline using customwritten scripts in Matlab (Mathworks). All trials with eyeblinks within the fixation epoch were removed from the database. Onset and offset of evoked saccades were detected by applying a velocity crite-rion (50°/s). In trials in which stimulation did not evoke a saccade, all trials with a deviation of Ͼ1.5°from initial fixation position were excluded from the database.
Trials were aligned to the onset of stimulation, or, in nonstimulation trials, to a time where stimulation would have been applied. Changes in pupil diameter were measured as the difference between the maximal pupil diameter in a certain response window (300 -500 ms after stimulation onset) and a baseline window (averaged across the 100 ms before stimulation onset). For each site and stimulation level, we first defined the local maximum of the averaged pupil trials in the response window and then, for each trial separately, calculated the differences for the pupil diameter at peak time and the mean baseline. This was done for both subthreshold stimulation trials as well as for control trials; the differences between response and baseline windows were then used to perform further statistical analysis.
Results
Two macaque monkeys performed a saccade task with a long and variable fixation epoch (Fig. 1A) . In our primary data set, FEF microstimulation was delivered on 50% of the trials during fixation to a total of 81 sites, with stimulation current varied across five blocks of trials at each site.
FEF microstimulation evoked contralateral gaze shifts in all 81 sites (50 sites in Animal C, 31 sites in Animal S). At the highest current in each block, the metrics of the site-specific saccade ranged between 2 and 19°in radial magnitude (with a mean of 7.7 Ϯ 3.9°SD), and ϩ96°to ϩ250°in radial direction (179 Ϯ 41°; all values given as counterclockwise rotation from straight right). Figure 1 , B and C, shows the response curves contrasting percentage of evoked saccades versus current for each of the stimulation sites. For both animals, the percentage of evoked saccades clearly increased with higher current intensities, ranging from ϳ10% evoked saccades at the lowest stimulation level to 80% evoked saccades at highest level. The averaged applied current intensity at the highest stimulation level was around 30 A in both animals (absolute current levels are listed in Fig. 1B ,C). The saccade threshold, which we define as the current at which saccades were evoked on half of all stimulation trials, was below 25 A in both animals. These threshold currents are well within the range of previous studies of the FEFs using acute electrodes (Bruce et al., 1985; Moore and Fallah, 2001 ; Corneil et al., 2010), particularly when one considers that stimulation in our task was being passed during active fixation, which raises saccade thresholds (Opris et al., 2001). 
Subsaccadic microstimulation of FEFs evokes pupil dilation
In addition to evoking saccades, microstimulation of FEFs also induced pupil dilation. Figure 2A shows the pupil dynamics for 39 individual trials recorded from Animal C; the corresponding horizontal gaze positions for these trials are depicted in Figure 2B . In this particular example, stimulation was set to 35 A at 300 Hz for 200 ms. The types of trials are segregated into control trials without stimulation (black), stimulation trials with an evoked saccade (red, termed "suprathreshold" trials), and stimulation trials without an evoked saccade (blue, termed "subthreshold" trials). All trials are aligned to stimulation onset (or when stimulation would have been applied on control trials), and in this case microstimulation evoked saccades (suprathreshold trials) on 43% of stimulation trials, driving a saccade of ϳ8°to the left. On suprathreshold trials, the subject looked back to the fixation point after the evoked saccade. On subthreshold trials, fixation remained stable for the remainder of the fixation period and did not exhibit any systematic drift in eye position.
All trials showed a general fluctuation in pupil diameter throughout the fixation interval ( Fig. 2A) . However, pupil diameter did not exhibit any systematic change on control trials. In contrast, stimulation in most trials was followed by clear pupil dilation, both on suprathreshold (red) and subthreshold (blue) trials. Pupil dilation tended to be larger on suprathreshold versus subthreshold trials, even when pupil dilation was assessed after the return saccade to the fixation point ( Fig. 2 A, C) . This was a consistent observation across all of our data set. However, because the presence and timing of the evoked and the returning saccade may confound measurements of pupil diameter, most of our remaining analyses focus on pupil dilation during subthreshold trials without any accompanying evoked saccade.
For this representative stimulation site, the magnitude of pupil dilation on subthreshold trials scaled with stimulation current. This is shown in Figure 2D , which displays averaged pupil diameter for the five different stimulation currents applied at this site (ranging between 20 and 40 A, in steps of 5 A). When compared to pupil diameter on control trials without stimulation, clear pupil dilation was induced at all stimulation levels. Such dilation began near the end of the stimulation interval (ϳ150 -200 ms after stimulation onset), peaked ϳ300 -400 ms after stimulation, and then reversed by constricting again.
Pupil dilation scales with microstimulation intensity
Consistent with our representative data, pupil dilation on subthreshold trials scaled systematically with stimulation current. This is shown in Figure 3 , averaged across all stimulation sites (50 sites in Animal C, 31 sites in Animal S) for the different stimulation levels and control trials. We emphasize that these measurements of pupil diameter are taken from subthreshold trials without accompanying evoked saccades; hence, more trials contribute to the averages at the lowest versus highest stimulation levels. The insets in the top left corner show the statistical differences between induced dilation for different stimulation levels. The induced dilation was measured as the difference between the maximal pupil diameter in a certain response window (300 -500 ms after stimulation onset) and a baseline window (averaged across 100 ms before stimulation onset) for each site and level (asterisks indicate the smallest significant step between the different levels with an n-way ANOVA, corrected for multiple comparisons, p Ͻ 0.05). For Animal C, induced pupil dilation for all stimulation levels was significantly larger than on control trials, and induced dilation generally scaled with increasing stimulation intensity. Similar graded pupil dilation that increased with stimulation current was also observed in Animal S, although the differences between stimulation levels were not as distinct as in Animal C.
To quantify the induced pupillary changes in more detail and to display the variance within our sample, we compared the pupil response on subthreshold trials to control trials separately for each site and stimulation level (Fig. 4) . For all five levels, the averaged change in pupil diameter for subthreshold trials (i.e., the difference between the response and baseline window) was plotted against that measured from corresponding control trials (red for Animal C, blue for Animal S). On all levels, subthreshold simulation generally induced pupil dilation, with a substantial amount of sites showing a statistically significant within-site difference in diameter change between subthreshold and control trials (filled circles; t test, p Ͻ 0.05).
In addition, the distributions of these pupillary changes are presented as histograms at the top (control) and right sides (stim- ulation) of the panels in Figure 4 . Displaying the data this way again emphasizes the larger degree of pupil dilation on subthreshold versus control trials. Moreover, notice how the variability in pupil dilation increases for higher stimulation levels on subthreshold trials (i.e., the spread of the y-axis histograms), but stays the same for control trials (i.e., the spread of the x-axis histograms).
A moderate relationship between pupil dilation and sitespecific saccade amplitude In addition, we analyzed the relationship between induced pupil dilation and the evoked site-specific saccade amplitude obtained at the highest stimulation level. Our results are shown in Figure 5 , segregated by the level of stimulation current, and reveal substantial variability across subjects and across stimulation currents. Larger pupil dilation tended to accompany stimulation at sites evoking larger saccades for all stimulation levels in Animal C (red circles and regression lines, see also results of a linear correlation underneath each panel) but not Animal S (blue circles and lines). Furthermore, pupil dilation was weakly related to the horizontal component of evoked saccades in Animal C; the vertical component, as well as vectorial saccade direction, did not show a relation to pupil diameter in both monkeys (data not shown). Note as well in both subjects that significant induced pupil dilation, which is indicated by filled circles, was not restricted to any particular range of site-specific amplitudes, with many occurrences of significant within-site evoked pupil dilation occurring at sites associated with site-specific amplitudes of Ͻ5°. Thus, significant dilation could be evoked in sites associated with any sized saccade.
Induced pupil dilation is not a by-product of other eye motion
Microstimulation of FEFs has been reported to induce other oculomotor responses, such as smooth pursuit eye movements (Gottlieb et al., 1994) and vergence (Gamlin and Yoon, 2000) . Changes in pupil diameter are also associated with changes in vergence angle during the near-triad response; if this is driving the pupil responses, then dilation should be accompanied by divergence, or leftward motion of the left eye. Is it possible that the observed microstimulation-induced pupil dilation accompanies or is a by-product of other oculomotor phenomena? To rule out this possibility, we reanalyzed our data after removing any trial where eye position during fixation over the analyzed fixation interval changed by 0.5°in either the horizontal or vertical dimension (16.1% of trials removed for Animal C, 38.9% of trials removed for Animal S). Our rationale was that reducing the database with this strict criterion should remove any pupil dilation, if such dilation was due to smooth pursuit or motion of the left eye related to changes in vergence angle. However, as shown in Figure 6 , ICMS induced pupil dilation remained essentially unchanged compared to controls in both subjects after database reduction. Thus, prominent pupil dilation can still be evoked from the FEFs even when the eyes are essentially stable during the fixation interval, suggesting that slow eye movements associated with smooth pursuit or changes in vergence angle are not confounding this result.
Variation of other stimulation factors: duration and frequency
The frequency and duration of stimulation in the oculomotor system also influence the probability and metrics of evoked saccades (Stanford et al., 1996; Tehovnik and Sommer, 1997; Kimmel and Moore, 2007; Katnani and Gandhi, 2012) . To further understand the nature of the induced pupil dilation, in a total of 16 FEF sites (Animal S, 14 sites; Animal C, 2 sites), we systematically explored the effects of stimulation frequency and duration on evoked pupil dilation. After determining the threshold current for each site, we then varied either the stimulation frequency (50, 100, 150, 200, and 250 Hz for 200 ms) or duration (30, 70, 100, 135, and 165 ms at 300 Hz) within the same site. As shown in Figure 7 , pupil dilation scaled up with increases in either stimulation frequency (Fig. 7A ) or duration (B; as before, we only show pupil measures for subthreshold trials without any evoked saccade). These results largely resemble what we observed when varying stimulation current (Fig. 3) . The choice of the stimulation parameters made it possible to directly compare the effects of duration and frequency for these sites; note how a given level delivers the same number of stimulation pulses regardless of whether frequency or duration was varied (levels 1 through 5 deliver pulses in increasing numbers of 10). When comparing the induced pupil dilation for all 16 sites across the five levels, we found the magnitude of induced pupil dilation to be highly correlated regardless of whether frequency or duration was varied ( Fig. 7C ; correlation coefficient, 0.71; linear fit, R 2 ϭ 0.5, p ϭ 2.6 ‫ء‬ 10 Ϫ 13
). When displaying the same data as a function of the number of pulses, we found highly similar and overlapping response curves regardless of whether stimulation frequency or duration was varied (Fig. 7D) .
Relationships between induced pupil dilation and endogenous activity at the time of stimulation
The pupil dilation induced by FEF microstimulation is similar to what follows stimulation in the monkey SCi or the optic tectum in owls (Wang et al., 2012 , Netser et al., 2010 . To further explore the potential substrate underlying induced pupil dilation, we checked for functional relationships between pupil dilation and other aspects of oculomotor behavior. One way of doing this is to explore pupil responses on suprathreshold trials with evoked saccades, after subdividing such trials into those where stimulation induced saccades in an early (e.g., 50 -100 ms after stimulation onset) or late (100 -150 ms) interval. Our assumption here is that the earlier saccades are associated with a higher level of endogenous excitation within the oculomotor system at stimulation onset; many previous studies have used a similar logic to infer activation within the oculomotor system based on the properties of evoked saccades (Barborica and Ferrera, 2004; Juan et al., 2004) or other nonsaccadic components of orienting (Moore and Fallah, 2001; Corneil et al., 2007; Chapman and Corneil, 2014) . As predicted, pupil dilation assessed after the return saccade back to the fixation point was systematically greater when accompanied by "early" versus "late" evoked saccades (Fig. 8) . This result is consistent with a role for the oculomotor system in pupil dilation evoked from the FEF.
Prominent evoked pupil dilation outside of the FEF
We also observed many instances where we observed prominent pupil dilation evoked by stimulation delivered outside of the canonical FEF, where our standard stimulation trains (50 A, 200 ms, 300 Hz) failed to evoke any saccade. Such observations were common enough in both animals to warrant a brief description, although our setup precluded precise quantification of comparative response thresholds for sites not evoking saccades. In some instances, further lowering positioned the electrode within the FEF; hence, pupil dilation in such cases may have simply arisen from the spread of stimulation into the nearby FEF. However, we also observed pupil dilation following stimulation at sites either rostral and caudal to the FEF, in areas where further lowering of the electrode never caused it to enter the FEF. All aspects of the pupil response in such instances resembled that evoked from the FEF. Stimulation at sites rostral to the FEF evoked no overt responses other than pupil dilation. Stimulation at caudal sites provoking pupil dilation with currents of 50 A or less could also evoke muscle twitches of the arm and shoulder; hence, we attributed such sites to the posterior bank of the arcuate sulcus or the premotor cortex. These observations suggest that pupil dilation may be a common consequence of microstimulation to the periarcuate cortex.
Effects of FEF microstimulation on subsequent visually guided saccades
As mentioned in the Materials and Methods, our task explicitly imposed a large separation between the time of FEF microstimulation and the initiation of a visually guided saccade; this was done so that any effects of FEF microstimulation on pupil diameter would presumably not be confounded by other task-related influences. Nevertheless, analysis of the visually guided saccades may help shed further light on the behavioral effects of microstimulation. For example, is it possible that FEF microstimulation influences subsequent behavior, perhaps by arousing the animal? We conducted two analyses to examine this possibility.
First, we analyzed the saccadic reaction time (RT) on subthreshold stimulation trials. Although stimulation preceded the voluntary saccade by ϳ1 s, we found a very small and lateralized effect of FEF microstimulation. Compared to no-stimulation trials, FEF stimulation increased leftward (contralateral to the side of stimulation) RTs by 5 ms for Animal S (control, 143 Ϯ 24 ms, mean Ϯ SD; n ϭ 2606; stimulation, 148 Ϯ 23 ms, n ϭ 1399; Wilcoxon rank sum test, p Ͻ 1.8 ‫ء‬ 10 Ϫ 4 ) and 3 ms for Animal C (control, 125 Ϯ 23 ms, n ϭ 2349; stimulation, 128 Ϯ 28 ms, n ϭ 1340; p Ͻ 1.8 ‫ء‬ 10
). In comparison, FEF stimulation did not influence the RT of rightward (ipsilateral) saccades in Animal S (control, 159 Ϯ 18 ms, mean Ϯ SD; n ϭ 2612; stimulation, 159 Ϯ 18 ms, n ϭ 1401; Wilcoxon rank sum test, n.s.) or Animal C (control, 134 Ϯ 24 ms, n ϭ 2366; stimulation, 135 Ϯ 27 ms, n ϭ 1368; n.s.). Although very small, the lateralized effect of FEF mi- . Induced pupil dilation is not a by-product of other slow eye movements. A, B, To test the potential contribution of other eye movements, we restricted our database by removing subthreshold and control trials where eye positioned changed by Ͼ0.5°during fixation. Pupil dilation on subthreshold trials was essentially unchanged either before (A) or after we applied this strict criterion (B). The same format as in Figure 2D is used.
crostimulation on subsequent contralateral but not ipsilateral saccades argues against a simple arousal effect. Second, if FEF microstimulation was somehow arousing the animal, one could expect greater effects with higher levels of FEF microstimulation; after all, FEF stimulation at level 5 evoked saccades on ϳ80% of stimulation trials. Against this possibility, an analysis of RT on control trials without stimulation revealed no effect of the level of microstimulation current on saccadic RT (Kruskal-Wallis test for five samples; n.s. in both animals for either leftward or rightward saccades). Thus, FEF stimulation did not influence saccadic behavior on nonstimulation trials.
Discussion
Low levels of FEF microstimulation, below that required to evoke saccades, evokes robust pupil dilation. Our results add to the list of nonsaccadic effects that can be driven by FEF microstimulation. The magnitude of pupil dilation scales with stimulation parameters, with stimulation current and the number of pulses being the key determinants. Furthermore, the relationship with early and late evoked saccades suggests that evoked pupil dilation is also a function of endogenous oculomotor activity at stimulation onset. Together, these results suggest that the oculomotor system can provide a substrate by which cognitive processes can influence pupil dilation.
Comparisons to microstimulation of SCi
Our results are largely similar to reports of induced pupil dilation following subsaccadic microstimulation of the monkey SCi (Wang et al., 2012) , where dilation began ϳ150 ms after stimulation onset. Pupil dilation induced from the FEF started around the same time. The slow response dynamics of the pupil complicate comparison of response latencies from the two structures, particularly since the propagation time between the FEF and SCi is Ͻ5 ms (Segraves and Goldberg, 1987; Sommer and Wurtz, 1998) . In addition, although we reported considerably larger pupil dilation (averaging ϳ0.1 mm at level 5 compared to 0.05 mm in SCi), this strongly scaled with the current intensity (Figs. 3, 4) and number of pulses (Fig. 7) . The current used by Wang et al. (2012) was "50 -70% of saccade threshold," which is similar to our level 2 currents, which evoked dilation of ϳ0.05 mm (Fig. 4; although we typically stimulated for 200 rather than 100 ms). Thus, our results are very similar to that evoked from the SCi, despite differences in task and background illumination.
In contrast to what was reported in the SCi, in one animal we found a modest relationship for larger pupil dilation accompanying stimulation at FEF sites associated with larger saccades (Fig. 5) . This relationship was not observed in the other animal, and in both animals we observed occurrences where significant pupil dilation could be evoked from stimulation sites associated with saccades Ͻ5°. These observations argue against pupil dilation arising secondary to processes that scale with larger evoked saccades, such as neck muscle recruitment . Furthermore, FEF saccadic thresholds are lower than neck muscle thresholds for sites evoking saccades Ͻ6 -7° (Corneil et al., 2010) , meaning that the subthreshold currents capable of inducing pupil dilation from small-saccade sites would not have recruited neck muscles.
Could evoked pupil dilation be secondary to other percepts? Although we can rule out neck muscle recruitment as a proximate cause of pupil dilation, could the pupil be dilating due to other induced percepts? In patients, frontal stimulation can invoke a feeling of movement as well as an urge to move, even without movement (Fried et al., 1991) . Monkeys can reliably detect in which of two intervals subthreshold stimulation is passed in the FEFs (Murphey and Maunsell, 2008) and elsewhere (Murphey and Maunsell, 2007) , and FEF microstimulation can provoke widespread changes in the activity of many brain areas (Moore and Armstrong, 2003; Ekstrom et al., 2008; Premereur et al., 2012) . Questions about percepts arising from cortical stimulation are vexing in animal models, particularly given uncertainty regarding the form and timing of any associated percept. In their work, Murphey and Maunsell (2008) suggested that FEF microstimulation may be inducing a phosphene similar to that evoked in visual cortices, or evoking some other form of arousal. One interpretation of our results is that pupil dilation may be a consequence of such a percept or arousal; alternatively, pupil dilation may itself lead to a percept of increased brightness, which the animal then reports.
Against these possibilities, it is important to remember that the latencies of evoked pupil dilation from the FEFs were Ͻ200 ms. Pupil responses to FEF stimulation are considerably slower than the latencies of evoked neck muscle responses (ϳ20 -30 ms; Corneil et al., 2010), saccades (20 -60 ms; Bruce et al., 1985) , changes in V4 activity (20 -40 ms; Armstrong and Moore, 2007) , or increased contrast sensitivity (50 -175 ms; Moore and Fallah, 2004) . Therefore, these induced effects are too fast to be explained by stimulation-induced pupil dilation. Similarly, FEF microstimulation modulates contrast response functions measured via neuroimaging in extrastriate areas (Ekstrom et al., 2009 ), but the preferential modulation for low-contrast stimuli is consistent with deployment of visuospatial attention rather than pupil dilation.
Despite the comparatively long latencies for evoked pupil versus other responses, the pupil response latencies from the FEF approach the minimal feedforward response latency through the downstream pupil circuitry. In the monkey, changes in pupil diameter occur within ϳ300 or ϳ450 ms of an increase or decrease in overall luminance, respectively, and within ϳ220 to 260 ms (visual) or ϳ160 to 220 ms (auditory) after onset of salient stimuli known to induce SCi activity (Wang et al., 2014) . Thus, although we cannot definitely rule out the possibility that evoked Figure 8 . Pupil dilation varies with presumed endogenous oculomotor activity at the time of stimulation. A, B, Induced pupil dilation on suprathreshold trials, segregated by the comparatively short (black) or long (gray) latency of the evoked saccade. The same general format as in Figure 2D is used, with traces made more faint during the time of stimulation since evoked eye movements can distort measurements of pupil diameter.
pupil dilation is secondary to other percepts, this seems unlikely given the sluggish response dynamics of the pupil.
Which circuits could be mediating the induced pupil response? Pupil measures have often been used as noninvasive proxies of arousal, based in part on close relationships between LC activity and pupil diameter (Gilzenrat et al., 2010; Joshi et al., 2016) . Previous work shows that orienting circuits in the midbrain can also drive pupil dilation (Wang and Munoz, 2015) . As mentioned above, many aspects of our results are consistent with FEF stimulation driving pupil responses through the SCi. However, we are mindful that the FEF is also interconnected with arousal circuits, potentially via the ACC, which itself is strongly interconnected with both the PGi and LC (Wang et al., 2004; Vogt et al., 2008; Nieuwenhuis et al., 2011; Procyk et al., 2016) . The SC also receives noradrenergic input from the LC (Edwards et al., 1979; Morrison and Foote, 1986) , further complicating matters. Our task was not designed to disentangle the contribution of orienting versus arousal circuits, and although influence of FEF stimulation on the RT of subsequent contralateral but not ipsilateral saccades seems inconsistent with arousal, such effects were very small. Definitive evidence that pupil dilation evoked by FEF stimulation is mediated via the SCi rather than the PGi or LC may require approaches similar to that adopted by Hanes and Wurtz (2001) , who examined changes in saccades evoked from the FEFs following inactivation of the SCi.
Regardless, the tight anatomical intertwining of arousal and orienting circuits that access autonomic pupil circuits may facilitate behavior in a variety of contextual scenarios. For example, nonspatial cues for anticipated effort in monkeys provide topdown input to arousal circuits, increasing LC activity and pupil dilation (Varazzani et al., 2015) ; such increases in noradrenergic tone are thought to help mobilize the autonomic and physiological resources, including the orienting system, needed to meet an anticipated challenge (Sara and Bouret, 2012) . As another example, top-down input prioritizing particular spatial locations, presumably encoded by the orienting system via covert visuospatial attention, could engage the arousal system about a potentially important upcoming event. Accordingly, the arousal and orienting circuits, and the ways in which top-down contextual input could engage them to drive pupil dilation, need not be mutually exclusive.
Stimulation outside the FEF also induced prominent pupil dilation. Stimulation caudal to the functionally defined FEF paired pupil dilation with clear skeletomotor responses, implicating the premotor cortex and posterior bank of the arcuate sulcus. Stimulation at sites rostral to the FEF evoked pupil dilation without any other obvious overt motor responses, and presumably corresponded to the prearcuate area 8. These observations are still consistent with circuits through the FEF, PGi, LC, and SCi: both prearcuate areas and dorsal premotor cortex are interconnected with the FEF, and both areas project to the intermediate and deep layers of the SC (Huerta et al., 1987; Stanton et al., 1993; Distler and Hoffmann, 2015) . Moreover, the functional definition of the FEF as the area from which saccades can be evoked with currents Ͻ50 A may be overly conservative. Anatomical and functional work shows that the periarcuate eye fields are quite extensive and encompass premotor area 6 and much of the prearcuate convexity (Fujii et al., 1998 (Fujii et al., , 2000 Moschovakis et al., 2004; Savaki et al., 2014) . Furthermore, pupil dilation may be a component of the repertoire of nonsaccadic movements that can be provoked by stimulation of these regions outside of the classic saccade-related FEF, including smooth pursuit (Gottlieb et al., 1994), vergence (Gamlin and Yoon, 2000) , or eye movements accompanying defensive movements (Boulanger et al., 2009 ). Ultimately, pupil dilation may be a common product of frontal cortex microstimulation; hence, future studies should measure the pupil, particularly in tasks incorporating a perceptual or behavioral component.
Conclusion
Our results demonstrate that FEF stimulation can provoke prominent pupil dilation without saccades. Such findings reinforce the notion that pupil measures may provide a quantifiable, and more permissive, reflection of subthreshold oculomotor activity, consistent with differences in the premotor circuits governing saccadic versus nonsaccadic responses in the brainstem (for review, see Corneil and Munoz, 2014) . More broadly, the oculomotor system may provide a substrate by which cognitive processes influence pupil diameter, working in conjunction with arousal circuits. Given the myriad cognitive processes that can influence pupil diameter, it may be possible that future research can ascribe some processes to the oculomotor system and others to arousal circuits. Task-dependent modulation of pupil diameter via the oculomotor system may be particularly important during the deployment of visuospatial attention, facilitating the detection of expected but low-contrast visual stimuli by coordinating pupil dilation with attentional modulation of activity within early visual cortex.
